Abstract Changes in protein stability in relation to ice crystals development in salmon fillets during superchilled storage were studied. Due to the significant differences in ice crystal sizes observed in our previous studies, the protein solubility was analysed separately, at the surfaces and centres of the superchilled samples. The water-soluble proteins were stable for the entire storage time. The salt-soluble proteins in the superchilled samples were stable for 1 week of storage. The salt-soluble proteins were significantly decreased at day 7 and 14 of the centre and surface of the superchilled samples, respectively. In contrast, the salt-soluble proteins were significantly increased at day 21 both at the centre and surface of the superchilled samples. These findings are significant for the industry because it provides valuable information on the quality of food in relation to ice crystallization/recrystallization during superchilled storage.
Introduction
Deterioration in the quality of food products has frequently occurred during superchilled storage, due to undesirable processes taking place in lipids and proteins (Duun and Rustad 2008; Jiang and Lee 1985; Ocano-Higuera et al. 2009 ). These changes in food products are of great commercial importance since they determine the storage life of superchilled foods. Deterioration in flavour, colour and texture are considered to be the most serious problems especially when poor partial freezing practices are employed and quality of the foods is inferior (Jiang and Lee 1985) . Textural changes are the result of denaturation of proteins, particularly those in the myofibrillar fraction. For these reasons, different methods of measuring protein denaturation have been used to follow textural denaturation (Hultmann and Rustad 2002; Shenouda 1980; Sotelo et al. 1994) . Among them, protein solubility is the most often chosen, because of its simplicity and relatively good correlations with textural characteristics.
The degree of protein denaturation is influenced by many factors such as treatments before partial freezing, state of rigor at the time of partial freezing, partial freezing rate, ultimate partial freezing temperature, storage temperature, storage time, fluctuation of storage temperature, and thawing methods (Benjakul and Visessanguan 2010; Blond and Meste 2004; Chevalier et al. 2001; Hagiwara et al. 2002; Jiang and Lee 1985; Kiani and sun 2011; Martino et al. 1998; Mittal and Griffiths 2005; Petzold and Aguilera 2009) .
There is growing demand for fresh and quality foods worldwide. In recent years, consumers are increasingly concerned with their health, and are demanding foods that are beneficial to their health and help prevent diseases. Due to this, the market for fresh and quality foods is growing rapidly and superchilling seems to be a good technology in maintaining the quality. The superchilling process is defined as a method of preserving freshness and maintaining high quality of food by partial ice-crystallization. However, the quality of food will still deteriorate during the superchilling storage if the factors such as superchilling rate, temperature fluctuation, initial quality of product and degree of superchilling which mainly influence the quality of food during superchilled storage will not be controlled in proper way.
A lot of studies have been done on superchilling. Most of these studies have focused on the chemical, microbiology and physical analyses of foods in superchilling (Bahuaud et al. 2008; Beaufort et al. 2009; Duun and Rustad 2007, 2008; Erikson et al. 2011; Gallart-Jornet et al. 2007; Ando et al. 2004; Bao et al. 2007 ). Very few studies show the relationship between ice crystals development and quality of food during superchilled storage.
In addition to this, studies by , Kaale et al. (2013b, c, d) , and Kaale (2014) reported that, a high superchilling rate results in a high rate of heat removal, leading to the formation of a large number of small nuclei and thus a large number of small ice crystals that grow both within and outside cells. As a result, the cells maintain their integrity which in turn minimises drip loss; maintain water holding capacity and textural changes during thawing (Smith 2011) . However, this advantage was reduced during superchilled storage by the rapid growth of ice crystal sizes in the salmon fillets (Kaale et al. 2013b ). Moreover, there was a large difference between the ice crystal sizes at the surfaces and centres of the superchilled salmon fillets (Kaale et al. 2013c) . The increase in ice crystal sizes during superchilled storage may impart mechanical damage by physically rupturing cell walls, which may result in an increase in drip loss, a reduction of the water-holding capacity and textural changes. Therefore, the objective of this study was to analyse protein solubility both at the surfaces and centres of the salmon fillets so as to clarify the effect of the ice crystals development during superchilled storage.
Materials and superchilling process
Salmon fillets (Salmon salar) stored in ice (0.9 -1 kg), were delivered by Lerøy Midnor (Hitra, Norway). The fillets were vacuum-packed and stored at 4°C for 24 h before the superchilling process to ensure a constant temperature in all samples. Superchilling was performed in an Impingement Advantec Lab Freezer (JBT Food -tech, Rusthållsgatan 21, SE-251 09, Helsingborg, Sweden) at NTNU Energy's laboratory in Trondheim, Norway. The samples were superchilled (partially frozen) at −30°C and 227 W/m 2 .K (at 2.5 kPa pressure differences of the fan at the impingement freezer) for 2.1 min to achieve an ice content of 20 %. The model developed by Kaale et al. (2013a) was used to predict the degree of superchilling. The experiments for measuring surface heat transfer coefficient (SHTC) were performed in an Impingement Advantec Lab Freezer. Aluminium plate (20 ×10× 2.5 cm) was used as metal transducer. A hole under the surface of the plate was made in order to insert five thermocouples (T-1, T-2, T-3, T-4 and T-5). The five thermocouples were connected to a temperature recorder while the plate was cooled in the impingement freezer. The initial temperature of the whole plate was controlled before placing it in the impingement freezer at −30°C. The temperature of the cool air and the plate were recorded every 2 s. The heat transfer coefficient was measured at 1.5, 2, and 2.5 kPa pressure difference of the fan, and experiments were conducted in three parallel runs. Calculations of the heat transfer coefficient were made after the attainment of the cooling curves of the aluminium transducer.
The coefficients (G) of the linear regression of ln T al is obtained by the average values from the readings of the five thermocouples located inside the aluminum transducer. The average values (from three parallel runs) of the surface heat transfer coefficient were obtained for each pressure difference of the fan. Once superchilled, the salmon samples were stored in a cold room at −1.7±0.3°C for 28 days.
Temperature trend during storage
The temperature, as one of the critical parameters during superchilled storage, was strictly controlled during this study. The storage box was designed (92×73×54.5 cm) with a heating element inside to ensure adequate temperature regulation. Three Pt100 temperature sensors were inserted in the storage box: one was used to measure the air temperature, and the other two were used to measure the surface and Centre temperatures of the superchilled salmon fillets. The set-point temperature was −1.7°C. The box was placed inside the storage room, which was at a temperature of approximately −5°C (temperature outside the storage box).
Microscopic analysis
Four pieces were cut transversally to the muscle fibre towards the centre layer of each superchilled sample (−1.7±0.3°C). This was done using a standard knife blade that was previously stored at the same temperature. The procedure was conducted in a walk-in freezer to ensure a perfect cold chain. In this study, a fixation method similar to those proposed by Alizadeh et al. (2007) ; Martino and Zaritzky (1988) was used to observe the spaces left by the formation of ice crystals in the tissue. The samples were fixed by immersion in Clarke's solution (absolute ethanol and glacial acetic acid, 3:1) at −1.7±0.3°C for 24 h. The control (unprocessed) samples were fixed using the same solution but at 4°C. The fixed samples were then warmed to room temperature and subsequently dehydrated using absolute ethanol. The dehydrated samples were then embedded in paraffin. The embedded samples were cut transversally to the muscle fibre using a microtome (Autocut 2055, Leica Microsystems, Germany) into 4 μm thick slices. The sliced samples were then stained according to a method developed by Alizadeh et al. (2007) with some modifications: Tissue Clear was used for rehydration, the samples were immersed in 1 % blue aniline for 1 min, and xylene was used before mounting.
All the prepared slides were observed with a microscope (Zeiss Axioskop 2 plus, Zeiss Inc., Germany) fitted with a digital camera (Nikon DS-5M, Nikon, Japan). The images of the slides were recorded and treated using the stereological analysis program CAST2 (Olympus Inc., Denmark). Two parameters, namely the cross-sectional area and the equivalent diameter, were used in the evaluation. The cross-sectional area refers to the surface area of the cross-section of an object (ice crystal or fibre muscle). The equivalent diameter for each ice crystal is defined as the diameter of a circle having the equivalent area Sp. From the data set of each equivalent diameter, the mean crystal diameter, Deq, was calculated. All analyses were performed for the six different specimens (three-surfacelayer and three -centre layer) per fillet. For each case considered, more than 100 incidences of ice crystals were evaluated.
Protein determination
The method employed for the determination of protein denaturation of salmon muscle was similar to that described by Duun and Rustad (2008) . The extractability of the proteinssolubility was performed in two steps resulting in water soluble and a salt soluble fraction. Approximately 4 g of minced salmon muscle was homogenized in 80 ml of 50 mM KH 2 PO 4 , 0.5 % triton X-100, pH 7.0 at 4°C using an Ultra Turrax and centrifuged (20 min, 9700 g, 4°C). The supernatant was decanted through glass wool and the volume was made up to 100 ml with 50 mM KH 2 PO 4 , 0.5 % triton X-100, pH 7.0. This was the water soluble fraction. The sediment was re-homogenized in 80 ml of 50 mM KH 2 PO 4 , 0.5 % triton X-100, 0.6 M KCl, pH 7.0 and re-centrifuged. The supernatant was decanted through glass wool and the volume was made up to 100 ml with 50 mM KH 2 PO 4 , 0.5 % triton X-100, 0.6 M KCl. This was the salt soluble fraction. The procedure was conducted once for each fillet sample. The amount of protein in the extracts was determined by BioRad protein assay, using bovine serum albumin as a standard. Three fillets were analysed at each sampling time. The samples were taken randomly from the cold storage room. The analyses were run in triplicate.
Statistical analysis
The observations of the protein at the 2 locations with respect to storage days were analysed by one-and two-way analyses of variance using Minitab 16 software. A general linear model, (post-hoc test) under Tukey's simultaneous test was applied whenever the ANOVA results were significant, p<0.05.
Results and discussion
Thermal transition behaviour during superchilled of food products Figure 1 shows the time -temperature profile during storage of the superchilled salmon. The temperature in the storage box was maintained at −1.7±0.3°C for the entire storage time. The initial freezing point of salmon fish was −1.1°C, which was indicated by the beginning of the freezing plateau at the centre of the sample. The initial freezing point of the salmon was determined using separate samples that were totally frozen in the impingement freezer for approximately 30 min. After partial freezing (superchilling process), the surface and core temperatures were approximately −6 and +3.8°C, respectively. The temperature at the core was higher than initial freezing point of salmon which indicates that, no ice crystals were formed at the centre of the salmon fillet during the superchilling process.
Ice crystal evolution during superchilling process and superchilled storage
The micrographs presented in this study were taken from (Kaale et al. 2013c ). The main aim of incorporating the micrographs in this study is to relate the ice crystals growth with quality parameters (protein stability) during superchilled storage of the salmon fillets. Figure 2 shows the micrographs of superchilled and without superchilled salmon tissues. In the study by Kaale et al. (2013c) , a significant increased in the ice crystal sizes was observed. The ice crystal size in the superchilling process (day zero) was significantly smaller, 23±3 μm compared to that during the storage of superchilled samples, 92 μm, which means 4 times larger than at day zero. This is because the superchilling process was performed at a very low temperature of −30°C and the samples were stored at a higher temperature (superchilling storage temperature) of −1.7±0.3°C.
In addition, the thermal gradient effect that was created during superchilling process in the product near the surface was reported to contribute in the increase of ice crystal size during superchilled storage (Kaale et al. 2013b ). When temperature equalisation was achieved within the samples, the growth of the intracellular ice crystals at the surface layer was not significant (p<0.05) (Kaale et al. 2013c ). Prior to temperature equalisation, ice crystal growth progresses from the surface to the centre of the superchilled food products (Fig. 2) . During the superchilling process there was no ice crystals formed at the centre of the superchilled samples. The formation of the new ice crystals at the centre took place during the storage of the superchilled samples whereby the superchilling rate was so low .i.e. at 1.7±0.3°C which result in large size of the ice crystals. The size of ice crystals at the centre was significantly larger than that at the surface, 318± 4 μm after only 1 day of storage, which means 3 times larger than ice crystals at surface. Statistical analysis results of the ice crystal sizes are explained elsewhere (Kaale et al. 2013c ). Due to the significant differences in ice crystal sizes observed by Kaale et al. (2013c) , the protein solubility was analysed separately, at the surfaces and centres of the superchilled samples.
Protein stability during superchilled storage
Denaturation of food muscle proteins leads to reduce amount of soluble proteins (Duun and Rustad 2008; Shenouda 1980) . Changes during superchilled storage in water (W) and salt (S)-soluble proteins of salmon are shown in Tables 1 and 2, Figs. 3 and 4. The water and salt-soluble proteins were analysed both at the centres and surfaces of the superchilled samples. There was no significant difference p<0.05 between methods of storage (superchilled, chilled and frozen references) with respect to the water-soluble proteins. This is because the water-extracted fraction consists of sarcoplasmic proteins which are more stable, and their solubility remains unchanged except after a long storage time (Shenouda 1980) . The sarcoplasmic fractions are so low that the changes during superchilled storage are not as important as in myofibrillar proteins (Tejada 2001) .
Extractability of salt-soluble proteins at the surfaces and centres of the superchilled samples were stable for one week of storage. The salt-soluble proteins were significantly decreased at day 7 and 14 of the centre and surface samples, respectively. In contrast, the salt-soluble proteins were significantly increased at day 21 both at the centre and surface of the superchilled samples. No significant differences were found in water and salt-soluble proteins between surface and centre parts of the superchilled samples. Table 2 shows the means of the protein stability in two locations (surfaces and centres) within the superchilled salmon, chilled and frozen references which are displayed with individual 95 % confidence intervals for a mean based on the pooled standard deviation.
The variation of salt-soluble proteins during superchilled storage might be due to the following reasons; the extracting conditions usually employed in these tests are not standardized (Shenouda 1980) . The extracting solution may vary in the pH or buffering capacity, type of salts used, the ionic strength, the concentration of the divalent cations, and the incorporation of detergents such as sodium dodecyl sulphate (SDS). Variations also exist in the ratio of muscle to solution, and in the duration and speed of blending. The latter case might be the main reason for the variation since it is not possible to have the same duration and speed of blending for all experiments. An Fig. 1 Time -temperature profile during storage of the superchilled salmon increase in salt-soluble proteins during the superchilled storage was also reported by Duun and Rustad (2008) . They claimed that, the increase in salt-soluble proteins can be explained by the combined effect of denaturation and effect of proteases leading to a more open network and an increase in extractability.
On the other hand, protein denaturation not only affected by the method used but also by other factors such as changes in fish moisture, changes in fish lipids and the activity of a specific enzyme (TMAOase) (Jaczynski et al. 2012; Shenouda 1980) . Changes in fish moisture are related to damage due to formation and accretion of ice crystals, dehydration and increase in salt concentration. However, the superchilling process in this study was performed at high rate. The study by Kaale et al. (2013b) established the superchilling rates between low and high at the impingement freezer. The ice crystals formed were finely distributed within the intercellular and extracellular muscles which indicated that the superchilling process was performed at high (Fig. 2) . In addition, the superchilled storage temperature was maintained at −1.7±0.3°C for the entire storage time. It is well known that superchilling rate and control of temperature during the superchilled storage are the main parameters to consider for preserving the quality and extending shelf life of the superchilled food.
Nevertheless, a clear relationship between the decrease in protein solubility and increase in physical factors such as hardness and drip loss has been reported (Shenouda 1980) . Duun (2008) has also reported that for meat and fish, intact muscle proteins are related to less soft textural quality, lower drip loss and better liquid retention. In this study, there was no correlation between physical parameters (water holding capacity and drip loss) reported by and protein solubility. The superchilling process and storage in this study are the same as that reported by . However, this study analysed protein solubility while ) analysed water holding capacity and drip loss during superchilled storage.
The results found during the first week of storage together with that reported by , clearly demonstrated that the superchilling temperature is low enough to substantially maintain the quality of food products but high enough to avoid significant levels of ice crystal growth that can cause structural damage. The larger ice crystals at the centre of the superchilling samples were expected to give lower protein solubility, but interestingly the opposite was found in this The results found in this study might be due to; in fish and meat tissues, the destructive effect of ice crystal formation is minimised due to the elasticity of the cellular structure in Table 2 Protein stability superchilled (surfaces and centres), chilled and frozen references during storage with individual 95 % confidence intervals (CIs) based on the pooled standard deviation 
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W water soluble proteins, S salt soluble proteins muscle (Smith 2011) . Furthermore, the loss of quality in fish and meat is largely associated with the loss of protein functionality. When ice is formed, there is an increase concentration of enzymes and salt in the remaining water which both cause, protein denaturation, and therefore affect the protein functionality (Shenouda 1980; Smith 2011) . In superchilling, the protein denaturation may be minimal because only a small amount of free water is frozen, 5-30 % which results in less enzyme and salt concentration in the remaining water. In addition to that, the shell freezing/initial surface freezing of food and the following storage is also important because facilitates temperature equalization and hence suitable mechanism of ice crystals growth. It has also been reported that the structural changes due to ice crystal formation at sub-zero temperature storage appear to be minor compared to those occurring during freezing at −20°C (Einarsson 1988 ). Therefore, a combination of high quality raw material, a high superchilling rate, good packaging and the control of temperature during storage will result in high quality superchilled foods.
The results from this study can also be supported by the previous studies as reviewed by Kaale et al. (2011) . The review summaries the quality and shelf life of superchilled foods and many benefits of applying superchilling technology to food products were found compared to chilled and frozen food products.
Residual plot
The final and necessary step is to check the error in the results using residual diagnostic tools. for protein stability results. In the residual plot, most of the data points are fitted in the line (normal probability plots). This suggests that, the normal distribution is a good model for these data sets. The histogram plot result is more-or-less bell-shaped, which confirms the conclusions from the normal probability plot. Nevertheless, the results were correct; the residuals versus fit values spread well in the points for the highest fitted values, which suggest that the model fits the data well. Additionally, individual control chart (I-chart) of residuals versus observed order, which assesses the independence assumptions, does not exhibit any concerning features.
Conclusion
Due to the significant differences in ice crystal sizes observed in our previous studies, the protein solubility was analysed separately, at the surfaces and centres of the superchilled samples. No significant differences were found in water and saltsoluble proteins between surface and centre parts of the superchilled samples. The water-soluble proteins were stable for the entire storage time. Extractability of salt-soluble proteins at the surfaces and centres of the superchilled samples were stable for 1 week of storage. The salt-soluble proteins were significantly decreased at day 7 and 14 of the centre and surface samples, respectively. In contrast, the salt-soluble proteins were significantly increased at day 21 both at the centre and surface of the superchilled samples.
There is a need of reviewing the method used to assess protein solubility due to variations in protein results found in this study. The ratio of muscle to solution and the duration and speed of blending are among the most important factors to consider.
These findings are significant for the industry because it provides valuable information on the quality of food in relation to ice crystallization/recrystallization during superchilled storage.
